mats synergistically interacts with wts and appears to regions (Figures 2C#-2C$). Moderate upregulation of
Cyclin A and Cyclin B expression was also observed function with wts in a common pathway. We show that Mats associates with Wts and functions as an activa-(data not shown). Thus, an important mechanism for mats to control cell proliferation is to negatively reguting subunit of the Wts protein kinase. We found that a human Mats ortholog, Mats1, can functionally replace late expression of key cell cycle regulators such as Cyclins. Interestingly, Cyclin E expression in mutant Drosophila Mats to suppress tumor and lethal phenotypes induced by mats mutations, and Mats1 losscells immediately anterior to the MF was much less elevated than that immediately posterior to the MF, sugof-function mutations appear to occur in both human and mouse tumor cells. These results suggest that gesting that mats may use a different mechanism to restrict cell proliferation in cells anterior to the MF. The Mats-mediated growth inhibition and tumor suppression may be conserved in mammals such as humans.
cell proliferation defects observed in mats mutants are similar to those caused by sav, wts, and hpo mutations. We have also investigated if mats plays a role in reguResults lating cellular differentiation in the developing eye. In larval eye discs, photoreceptors (R) and cone cells in The mats Mutations Cause Increased Cell mats clones appeared to be specified normally (Figures Proliferation and Tumor Development 2D-2D$ and data not shown). However, they failed to We identified a spontaneous lethal mutation in a Drofully differentiate to generate ommatidia in adult (Figsophila gene that we herein name mob as tumor supures 1D and 1E). Defective retinal differentiation ocpressor (mats). From mutant clones generated in mats curred at least at mid-pupal stages ( Figure 1F ). Thus, mosaic flies, large tumors can be induced in many ormats is required for cellular differentiation during eye gans including the head, notum, eye, wing, leg, andevelopment. In contrast, hpo, sav, and wts do not sigtenna, and halteres ( Figures 1A-1D To examine if mats regulates diap1 at the transcriptional level, we used an enhancer the cell proliferation phenotype, Bromdeoxyuridine (BrdU) was incubated with eye discs to identify cells in the S trap line th j5C8 , in which a lacZ reporter gene was inserted in diap1 and expression pattern of diap1-lacZ phase. In wild-type larval eye discs, BrdU incorporation is evident in cells anterior to the morphogenetic furrow reflected that of the endogenous diap1 gene. We found that expression of diap1-lacZ was also elevated (Fig-(MF) and in the second mitotic wave (SMW), which is a narrow stripe of dividing cells a few rows posterior to ures 3B-3B$). Thus, mats is required to negatively regulate DIAP1 expression. To directly test the idea that the MF (Wolff and Ready, 1993) . Consistent with an inhibitory role of mats in regulating cell proliferation, mats promotes apoptosis, mats mutant clones were induced in larval eye discs that overexpress an apoptoBrdU incorporation was elevated in mats mutant clones in eye discs (Figures 2A-2A Figure 2B ). In mats mosaic eye discs, more mitoses were observed in mats clones was observed in regions anterior to the MF, where expression of the hid transgene was not induced. In these compared to neighboring wild-type cells, and mitoses can even sometimes occur in the MF. Excess mitoses cases, apoptosis occurred only in wild-type tissues but not in mats mutant clones ( Figures 3C-3C$) . Thus, were also found in mats clones located in the posterior margin ( Figures 2B#-2B$) . On the basis of these obsermats is also required for developmentally programmed apoptosis. All together, our findings support a model vations, we conclude that mats is required to restrict cell proliferation and loss of mats function allows cells that mats is required to facilitate cell death, and loss of mats' apoptosis-promoting activity may contribute to to divide at a time when they should exit the cell cycle.
Cyclin E, a key regulator for the G1-S transition, is tumor development. Apoptosis normally occurs in mid-pupal eye discs to normally expressed in the SMW of larval eye discs (Figure 2C) . In mats mosaic eye discs, Cyclin E levels were eliminate cells no longer needed for eye development. Surprisingly, apoptosis continued to occur in mats muelevated in mutant clones located in the MF and SMW tant clones in mid-pupal eye discs at even higher levels was further mapped to a 13 kb region at 94A12 ( Figure  4A ). Our molecular analysis of a candidate gene in this than neighboring wild-type tissues (data not shown). This is probably because mats is no longer required for region, designated CG13852 (Adams et al., 2000), revealed that a 428 bp Roo transposon sequence was apoptosis in the eye at the pupal stage. Whether or not mats is required for apoptosis at this stage, cell death inserted behind codon 84 to cause a premature termination ( Figure 4A ). This first mutant allele of CG13852 in mats mutant clones is likely due to defective cellular differentiation ( Figure 1F ), which is known to generally is named here roo. We also generated a second mutant allele of this gene, referred to as e235, by mobilizing a cause increased apoptosis. P transposon EP ( Figure  1J with 1H and 1N with 1L) . Thus, the growth inhibitory verified by our sequencing analysis. In the first case, three nucleotides were deleted in a Mats1 cDNA function of Mats has been conserved from insects to humans.
(hMats1 ⌬S6/7 ) derived from a human skin melanoma, gated the relationship between mats and wts, and we conclude that these two genes genetically interact in growth inhibition and tumor suppression based on the following three lines of evidence. First, we found that a small eye phenotype caused by wts overexpression was suppressed by the reduction of mats function (Figures 5A-5C ). Second, using null alleles wts X1 and mats e235 , double mutant analysis revealed that flies containing clones mutant for both mats and wts exhibited tumor phenotypes similar to that of either mats or wts mutant clones (Figure 1H, inset; data not shown) . These results are consistent with the idea that mats and wts function in a common pathway. The third evidence came from coexpression analysis of mats and wts. For this, we generated wts transgenic flies and found that overexpression of wts in the eye caused eye reduction and pupal lethality in a dosage-dependent manner (Figure 5E ). Both limited cell proliferation and enhanced apoptosis appeared to contribute to the reduced eye phenotype (data not shown). Coexpression of mats with wts in the eye strongly enhanced wts-induced small eye and pupal-lethal phenotypes (compare Figure  5F with 5E). With a relatively weak UAS-Myc-wts transgenic line (16B), approximately 20% (n = 222) of the ey-Gal4/UAS-Myc-wts flies died at the late pupal stage. However, over 70% (n = 189) of the ey-Gal4/UAS-Myc- 
suppression.

Mats Associates with Wts Protein Kinase which caused deletion of the sixth (or seventh) codon
To elucidate the molecular basis of Mats-Wts interacfor Ser. This mutation greatly destabilized hMats1 because tion, we tested whether Mats and Wts are associated to no hMats1 protein was detectable from hMats1 ⌬S6/7 -form a complex. For this, hemagglutinin A (HA)-tagged transfected human 293T cells (data not shown). AnMats and Myc-tagged Wts proteins were expressed in other Mats1 cDNA (mMats1 ⌬6-216 ) derived from a human 293T cells, and we found that these two promouse mammary gland carcinoma contains a 38 bp inteins can be coimmunoprecipitated using either Myc or sertion immediately downstream of the fifth codon that HA antibodies ( Figure 6A ). In an in vitro glutathione causes a premature termination. As expected, no S-transferase (GST) pulldown assay, Wts can be pulled mMats1 protein product was detected (data not shown).
down only when Mats was present ( Figure 6B) In the pears to be their ability to associate with corresponding presence of Mats, the kinase activity of Wts was draprotein kinase to regulate kinase catalytic activity. matically stimulated ( Figure 6C, lanes 1-3) . Clearly, Wts Thus, Mats association likely plays a role in Wts reguwas responsible for the kinase activity as this activlation.
ity was abolished when a kinase-dead form of Wts (Wts K743A ) was used ( Figure 6C, lanes 4 and 5) shown to be able to associate with its C-terminal kinase Mats genes from tumor tissues will be needed to test domain through intramolecular binding, and this inthis hypothesis. On the basis of these data, we specuteraction may be inhibitory for the Wts kinase activity late that all mats genes from animals and plants may (Tao et al., 1999 stopped with 6× SDS/PAGE sample buffer and analyzed by electrowas done as described (Rubin and Spradling, 1982 ). An HA epitope phoresis and autoradiography. was fused in frame with mats to generate HA-mats, and a wts K743A mutant was generated using the QuickChange site-directed mutagenesis kit (Stratagene). HA-mats, hMats1, hMats1 ⌬S6/7 (BU172616), Supplemental Data mMats1 (BC009149), mMats1 ⌬6-216 (AW910166), Myc-wts, and Supplemental Data include one figure and can be found with this Myc-wts K743A were cloned into a pCMV vector for expression in article online at http://www.cell.com/cgi/content/full/120/5/675/ human embryonic kidney (HEK) 293T cells. mats was also cloned DC1/. into a pMt vector, which contains a metallothionein promoter for copper-inducible expression in Drosophila S2 cells.
